Introduction {#Sec1}
============

Total knee arthroplasty (TKA) is considered an extremely effective treatment procedure for knee pain associated with degenerative joint disease \[[@CR1]--[@CR3]\]. Several technologies were recently developed to provide better functional outcomes in TKA. Primary TKA is widely known to provide excellent long-term survivorship rates \[[@CR4], [@CR5]\], although it is also affected by relatively high dissatisfaction rates \[[@CR6], [@CR7]\]. Dissatisfaction is caused by anterior knee pain, mid-flexion instability, reduction in the range of flexion, and the incomplete return of function \[[@CR8]--[@CR10]\].

Changing demographics and higher expectations for TKA increase the demands for effective surgical techniques and implant designs. Knee anatomy studies have indicated that distinct anatomical differences exist with respect to gender and race \[[@CR11]--[@CR13]\]. To address the aforementioned issues, a few studies have proposed an anatomical approach to TKA by using patient-specific or customized prostheses. Patient-specific TKA attempts to preserve a patient's anatomical geometry. In patient-specific TKA, both the cutting jigs and the implant are particularly designed for the patient. The same preoperative planning that is used for manufacturing jigs is used for manufacturing patient-specific implants with a native femoral intercondylar notch distance, J-curve, condylar offset, anteroposterior and mediolateral width, native tibial bone size, and coverage \[[@CR14]\]. The proposed advantages of this type of a system include an optimal implant-bone contact area, reduced micromotion forces, a reduced need for soft tissue balancing, and increasingly normal joint kinematics \[[@CR13], [@CR15], [@CR16]\]. However, there is a paucity of extant studies on polyethylene (PE) wear performances in patient-specific or custom TKA.

In a previous study, PE wear was observed to be the main reason for late revisions \[[@CR17]\]. As previously mentioned, the femoral component in patient-specific TKA is designed with a J-curve, and the tibial insert focuses on bone size and coverage. The articular geometry in a general patient-specific tibial insert is derived from the femoral component. There is a paucity of extant studies that evaluate the conformity of the surface curvature between the femoral component and tibial insert. We recently studied the changes of the kinematics and wear with respect to different conformities of the articular surface of posterior-stabilized (PS) TKA designs \[[@CR18]\]. However, there was difference between the mechanisms for cruciate-retaining and posterior-stabilized TKAs, and there has been no previous study on the wear prediction of different surface conformities for cruciate-retaining PS TKA.

Therefore, this study aims to compare wear performances with respect to the conformity of the articular surfaces between the femoral component and tibial insert in patient-specific TKA. We apply the conformity of conventional cruciate-retaining (CR) TKA to patient-specific TKA. Four different models are developed as follows: conventional CR TKA, patient-specific TKA with a conventional CR TKA conformity, medial pivot patient-specific TKA, and bio-mimetic patient-specific TKA with patient anatomy curvature in the femoral component and tibial insert. We investigated the contact mechanics and wear performance in the aforementioned four different TKA designs using a computational simulation. We hypothesized that patient-specific TKA used in conjunction with a patient's anatomy provides optimal wear performance.

Materials and methods {#Sec2}
=====================

Design of patient-specific TKA {#Sec3}
------------------------------

The patient-specific TKA is designed using an existing three-dimensional (3D) knee joint model \[[@CR19], [@CR20]\]. A patient's bone is fundamentally used for the patient-specific geometry in the femoral component. The three patient-specific J-curves and the medial and lateral condyles from the patients' normal articular anatomy are developed using computer-aided design (CAD) software in this study \[[@CR17], [@CR21]--[@CR25]\]. A sagittal plane is introduced in the condyles, in which the anatomy of the articulating surfaces is extracted from the curves. Generally, the femur of a patient in the coronal plane provides asymmetric lateral and medial condyles that are defined as the coronal offset. The aforementioned patient-specific differences are considered in the patient-specific femoral component design (Fig. [1](#Fig1){ref-type="fig"}). The coronal offset is defined as the difference in height between the medial and lateral femoral condyles in the coronal plane \[[@CR17], [@CR26]\]. It typically supports an asymmetric extension gap between the tibial articular surface and the posterior femoral condyles. The lateral posterior condyle is shorter than the medial condyle and leads to an asymmetric flexion gap \[[@CR17], [@CR26]\]. The aforementioned femoral J-curves are matched with patient-specific tibial inserts, and their perimeters correspond to a tibial plateau that restores the distal medial-lateral offset of a patient's femoral condyles. This is achieved by the height of the patient-specific tibial insert and reflects the condylar offset to maintain normal mechanical axis alignment. The articular geometry in a patient-specific tibial insert used in a previous study was derived from the femoral component \[[@CR13], [@CR26], [@CR27]\]. Fig. 1**a** Schematic of patient-specific geometry for the femoral component and **b** developed patient-specific femoral component and tibial insert

Three tibial insets with different designs are developed. We investigated the articular conformity of conventional conforming CR TKA in the Genesis II Total Knee System (Smith & Nephew Inc., Memphis, TN, USA) and for Evolution Medial Pivot Total Knee Arthroplasty (Wright Medical Technology, Arlington, TN, USA). In order to investigate the conformity of CR TKA, scanning with a non-contact 3D laser scanner (COMET VZ; Steinbichler Optotechnik GmbH, Neubeuern, Germany) with a 50-μm accuracy is used. The scanned point data are converted into 3D models, and scanning is repeated until the 3D model dimensions exhibit geometrical errors of \< 100 μm \[[@CR28]\].

The ratio of the curvature radius for the tibial insert to the curvature radius for the femoral component is investigated for conformity in the coronal and sagittal planes. A tibial insert with a conforming design of conventional CR TKA conformity (Genesis II) and a medial pivot tibial insert with medial pivot conformity (Evolution) are developed by applying the curvature radius ratio in the coronal and sagittal planes to the patient-specific femoral component (Fig. [2](#Fig2){ref-type="fig"}). An anatomy tibial insert is developed using a patient's tibial curvature and is similar to the femoral component. The bone coverage exceeded 95% in the patient-specific TKA, irrespective of differences in the insert design (Fig. [2](#Fig2){ref-type="fig"}). All of the femoral component designs in the patient-specific TKA are identical. Fig. 2Femoral component and tibial insert designs with different conformities in the conventional and patient-specific TKA

Finite element model {#Sec4}
--------------------

A computational model of the Stanmore knee simulator machine with boundary conditions is constructed in ABAQUS 6.13 (Abaqus, Inc., Providence, RI, USA). An explicit finite element (FE) model based on a study performed by Kang et al. is developed in Abaqus/Explicit \[[@CR18], [@CR29], [@CR30]\]. The software program used for modeling and meshing is Hypermesh 11.0 (Altair Engineering, Inc., Troy, MI, USA).

The PE insert is meshed using eight-noded 3D hexahedral elements in four different designs. Femoral and tibial components with high elastic moduli relative to PE (approximately 300 times higher) are developed as rigid bodies that only require surface representation \[[@CR31], [@CR32]\]. A convergence test is performed for the optimum mesh density in the tibial insert. Convergence of the analytical solutions for the measurements of the maximum contact stresses within 5% is achieved with the optimum mesh density using elements with a mean edge length of 1.2 mm. Based on a convergence study, the mesh density used for the tibial insert is appropriate \[[@CR31], [@CR33]\]. The tibial insert is modeled as an elastic-plastic material with a modulus of elasticity of 685 MPa and a Poisson's ratio of 0.47 \[[@CR31], [@CR34]\]. A penalty-based contact condition is specified at the tibial insert and femoral component interface with a friction coefficient of 0.04 \[[@CR29], [@CR31]\].

The loading and kinematic conditions obtained from experimental studies are used in the FE simulation (Fig. [3](#Fig3){ref-type="fig"}). The model includes simulated soft tissue in the knee simulator with four springs constraining the insert in the anterior-posterior (AP) translation and internal-external (IE) rotation, as well as a spring gap representing anatomical laxity (Fig. [4](#Fig4){ref-type="fig"}). The femoral component and tibial insert are the testing conditions with the input profiles of an AP load and IE torque applied to the insert, while a flexion-extension angle and axial force are applied to the femoral component. The axial load, AP translation, and IE rotation are force controlled, and the flexion is displacement controlled. The femoral component is constrained in IE, medial-lateral (ML), and AP, and it is free to translate in the inferior-superior (IS) direction to permit rotation about the frontal and transverse axes to represent varus-valgus (VV) rotations and flexion-extensions, respectively. The axial load application is offset towards the medial condyle to reproduce the 60:40 experimental conditions \[[@CR31], [@CR33]\]. The distal surface of the tibial insert is supported in the IS direction, and this is representative of bonded contact with a rigid tibial tray. The tibial insert is allowed to translate in the AP direction and rotate about a fixed vertical axis located in the center of the tibial condyles to simulate IE rotation. The distal surface of the tibial insert is supported in the IS direction, the insert tilt is constrained, and the VV and ML degrees of freedom are unconstrained. A center of rotation for the FE model is directly defined between the medial and lateral condyles. The AP spring translational resistance is 10.4 N/mm, and the IE rotational resistance is 0.30 Nm/deg. Fig. 3Loading conditions of the FE simulation used in the study Fig. 4FE models used in this study: **a** conventional TKA, **b** CPS-TKA, **c** MPS-TKA, **d** BPS-TKA

Wear calculation {#Sec5}
----------------

The wear process of the PE insert is numerically evaluated by using the Archard wear model \[[@CR34]\]. The equation is known as Archard's wear law (Eq. 1), wherein the linear wear, *H*, is determined as follows: $$\documentclass[12pt]{minimal}
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Here, *K*~w~ denotes the wear factor, *p* denotes the contact pressure, and *S* denotes the sliding distance. However, the kinematics in total joint replacements are often nonlinear, and thus the applicability of Archard's law is questionable. Furthermore, in the above expression, delamination, pitting, and third-body wears are not included because previous studies have reported that the aforementioned effects are negligible in PE \[[@CR35]\]. In order to include the friction parameter, *μ*, in this model, we adopt the Sakar modification \[[@CR36]\] to the Archard model: $$\documentclass[12pt]{minimal}
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Each cycle is divided into 100 increments, and wear is computed for each increment and summed during the cycle. The surface nodes influenced by wear move in a direction normal to the articular surface based on the computed material loss at the end of each increment. An adaptive remeshing procedure is introduced to simulate the surface wear progression (Fig. [5](#Fig5){ref-type="fig"}). An adaptive wear simulation is performed using Python scripts (Stichting Mathematisch Centrum, Amsterdam, the Netherlands) to interface with the Abaqus output database. The model for the wear calculation of the tibial insert is incorporated into the user subroutine VFRICTION, and this is developed using Fortran. The simulation is iterated and the wear is multiplied by the size of each step (50,000 cycles per step) to evaluate the total wear that occurs during 5 million cycles. The update interval is shorter than those used in previous FE analysis studies on TKA wear \[[@CR32], [@CR35], [@CR37]\]. The computed volumetric wear is converted to gravimetric wear using a PE density of 0.93 mm^3^/mg. The wear factor used in this study is estimated using an average of the wear factors from the TKA and ball-on-flat wear tests that were performed in a previous study \[[@CR38]\]. Fig. 5Flowchart of the wear calculation

We evaluate the wear performances of four different TKAs as follows: conventional Genesis II TKA, patient-specific TKA with Genesis II conformity (CPS-TKA), patient-specific TKA with medial pivot conformity (MPS-TKA), and bio-mimetic patient-specific TKA with a patient's own tibial and femoral anatomy (BPS-TKA). In order to validate the wear model, the kinematics of conventional TKA are compared with previously obtained experimental data \[[@CR39]\]. Additionally, the AP and IE kinematics, contact stresses, contact areas, wear rates, volume metric wears, and wear depths are compared between the four different designs.

Results {#Sec6}
=======

Wear performance on conformity in patient-specific total knee arthroplasty {#Sec7}
--------------------------------------------------------------------------

The conventional TKA model was validated in a previous study \[[@CR30]\]. We compared the aforementioned kinematics with data obtained from a previous study, in which experiments were performed under identical loading conditions \[[@CR39]\]. The current conventional TKA and validation exhibit good agreement with the predicted and experimental kinematic data \[[@CR39]\]. The AP translation and IE rotation are reasonably similar to those of the experimental data in terms of their trends and magnitudes (Fig. [6](#Fig6){ref-type="fig"}). The ranges of the AP translation and IE rotation from the experimental data are 7.1 mm and 9.3°, respectively, and the predicted displacement ranges are 6.7 mm and 8.9°, respectively. Fig. 6Comparison of **a** AP translation and **b** IE rotation kinematics between the FE model and previous experiments for validation purposes

Comparison of the kinematics, wear rates, weight losses, and wear depths between four different designs {#Sec8}
-------------------------------------------------------------------------------------------------------

Figure [7](#Fig7){ref-type="fig"} shows the kinematics of the AP translation and IE rotation with respect to the four different designs during a gait-cycle condition. There are differences in the AP translation and IE rotation for each TKA design. Specifically, different kinematics are observed in BPS-TKA. With respect to the AP translation, the anterior translation is observed during the swing phase for the four different designs. However, the anterior translation is 2.9 mm higher during the swing phase in the BPS-TKA when compared to that in the conventional TKA. With respect to the IE rotation, all TKA experienced external and internal rotations during the stance and swing phases, respectively. With respect to the BPS-TKA, a maximum difference of 2.8° is observed during the swing phases when compared to that of the conventional TKA. Fig. 7Comparison of **a** AP translation and **b** IE rotation kinematics between the conventional TKA and patient-specific TKA with different conformities

Figure [8](#Fig8){ref-type="fig"} shows the contact stresses and areas in the four different designs during the gait cycle. The contact stresses and areas tended to be opposite to each other. This tendency is revealed for all of the different TKA designs. Specifically, the medial pivot design MPS-TKA exhibits a high contact area on the medial side and this leads to low contact stress. However, this pattern is not retained on the lateral side. Fig. 8Comparison of the **a**, **b** contact stresses of the tibial inserts and **c**, **d** contact areas of the tibial inserts between conventional TKA and patient-specific TKA with different conformities

Wear performance on conformity in patient-specific total knee arthroplasty {#Sec9}
--------------------------------------------------------------------------

The predicted wear rates are 21.1, 19.9, 25.7, and 23.2 mm^3^/million for the BPS-TKA, MPS-TKA, CPS-TKA, and conventional TKA, respectively. The predicted volumetric wear is 98.1, 92.5, 119.5, and 116.1 mg for BPS-TKA, MPS-TKA, CPS-TKA, and conventional TKA, respectively, after 5 million cycles. The CPS-TKA exhibited 22%, 29%, and 3% higher volumetric wear when compared to that of the BPS-TKA, MPS-TKA, and conventional TKA, respectively. The maximum wear depths are 0.30, 0.26, 0.35, and 0.31 mm in BPS-TKA, MPS-TKA, CPS-TKA, and conventional TKA, respectively, after 5 million cycles.

Figure [9](#Fig9){ref-type="fig"} shows the wear contours for the four different TKA designs. The wear contour exhibits a deep wear region near the center of the medial side and a shallower wear scar on the lateral side with the exception of the BPS-TKA and MPS-TKA. The BPS-TKA and MPS-TKA indicate that the lateral wear region is deeper and wider than the medial side. All data analyzed during this study are included in this manuscript. Fig. 9Predicted wear contours of the four different TKA designs: **a** conventional TKA. **b** CPS-TKA, **c** MPS-TKA, **d** BPS-TKA

Discussion {#Sec10}
==========

The main finding of the present study indicates that mimetic BPS-TKA using a patient's anatomy geometry does not provide enhanced wear performance, and the proposed study hypothesis is therefore rejected.

The patient-specific approach to TKA is introduced to improve functional outcomes and satisfaction rates \[[@CR16]\]. The advantages of the patient-specific system include more normal femoral rollback \[[@CR13]\], better coverage over the tibial plateau \[[@CR15]\], and fewer incidences of blood transfusions and adverse events \[[@CR40]\]. However, there is a paucity of studies that evaluate the wear performance of patient-specific TKA developed using articular surface conformity. Therefore, the aim of this study involves evaluating wear performance, and the current patient-specific TKAs are categorized into three different groups in conjunction with conventional TKA. The patient-specific TKAs are categorized as follows: (1) CPS-TKA with a conforming tibial insert with a corresponding femoral component, (2) MPS-TKA with medial pivot conformity, and (3) BPS-TKA including a bio-mimetic tibial insert with tibia anatomy.

Computational modeling is performed to evaluate wear simulations for four different TKA designs. An increasing number of tribology studies concerning the evaluation of PE wear in TKA have reported the need for improving the understanding of these processes to determine new solutions and avoid the failure of an implant due to PE wear. Experimental studies are often used, although they are neither cost nor time efficient, and they typically analyze only limited configurations and load conditions. Thus, the use of computational modeling is expanding in this research field. Furthermore, measuring wear in vivo after TKA is technically difficult. In this study, a model to predict PE wear is developed using FE analysis.

The results indicate that CPS-TKA provided worse results in terms of wear performance when compared with conventional TKA. However, BPS-TKA and MPS-TKA produced better results in terms of wear performance when compared with conventional TKA. Patient-specific TKA is designed with a femoral component based on a J-curve and optimum bone coverage \[[@CR21]--[@CR27], [@CR41]\]. However, a PE insert can potentially restore the joint-line-corresponding femoral component to improve bony coverage. Thus, the PE insert does not follow a patient's anatomy.

Furthermore, MPS-TKA with medial pivot conformity exhibits better wear performance. Based on in vivo and in vitro studies of the physiological movements during flexion, the medial femoral condyle does not significantly translate in the AP direction while the lateral condyle moves significantly backward \[[@CR42]--[@CR44]\]. Thus, the medial pivot geometry exhibits a highly conformed "ball-in-socket" design to reproduce the medial pivot motion on the medial side. Several studies have indicated that during flexion (termed as a "medial pivot"), a normal knee provides minimal movement of the medial femoral condyle and a posterior translation of the lateral femoral condyle \[[@CR45]--[@CR48]\]. The implant is introduced to provide the aforementioned characteristics. The medial side exhibits a design with an identical curvature radius on the coronal and sagittal planes to recreate a sphere. The lateral side is smaller than the medial with a cylindrical configuration, and it can stabilize the knee and control rotation. Additionally, the PE asymmetrical insert exhibits a high medial side congruence and a minor lateral congruence. The aforementioned innovations allow for lateral-side posterior sliding and rolling, while the medial side functions as a pivot during knee flexion and guarantees AP stability. The medial pivot design provides better stability and range of motion, less wear stress on the tibial surface, and longer PE survival. These phenomena are reduced by a medial pivot design with better stability and important PE wear reduction \[[@CR49]--[@CR55]\]. Therefore, as previously mentioned, MPS-TKA exhibits better wear performance than CPS-TKA, BPS-TKA, and conventional TKA.

The kinematic data of MPS-TKA were similar to those of BPS-TKA. Interestingly, BPS-TKA that mimicked a patient's anatomy does not exhibit improved wear performance over MPS-TKA. Patil et al. recently indicated that patient-specific TKA generated kinematics that more closely resemble normal knee kinematics than conventional TKA by using in vitro cadaveric experiments \[[@CR13]\]. Additionally, Koh et al. indicated that restoration of the normal geometry of the knee joint in patient-specific bicruciate-retaining TKA and preservation of the anterior cruciate ligament lead to improvements in kinematics when compared with conventional CR and bicruciate-retaining TKA by using computational simulations \[[@CR27]\]. Both the aforementioned studies indicate that the patient-specific TKA design of a PE insert conformity is derived from the femoral component.

Generally, TKA knees have exhibited less femoral rollback and reduced internal rotations when compared to normal knees \[[@CR56]\]. Interestingly, BPS-TKA has been found to exhibit higher AP translation and IE rotation. However, the wear performance does not reflect the kinematic results. Theoretically, a low conformity exhibits high contact pressure and leads to high wear. However, recent studies have indicated different wear performance trends under different conformities. Abdelgaie et al. indicated that the predicted wear rates for curved inserts (high conformity level) are more than three-times those of flat inserts (the lowest conformity level) \[[@CR57]\]. Additionally, Brocket et al. demonstrated a reduction in wear by reducing implant conformity \[[@CR58]\]. The study demonstrated that bearing conformity significantly impacts the wear performance of a TKA and provides opportunities to improve clinical performance through enhanced design selection \[[@CR58]\]. The TKA design conformity model in this study retains the findings of the aforementioned research and theoretical content. In the native knee anatomy, the medial and lateral tibial plateaus include asymmetric geometries with a slightly dished medial plateau and a convex lateral plateau \[[@CR59]\]. Therefore, the BPS-TKA lateral side does not exhibit any conformity because the lateral side is convex. Thus, the BPS-TKA design corresponds to decreased conformity, and the wear performance is better than that of CPS-TKA and conventional TKA. However, the BPS-TKA wear performance is worse than that of MPS-TKA. Based on Archard's wear law, wear is proportional to the contact pressure, contact area, wear factor, and sliding distance. Therefore, these results are reasonable. A previous study indicated that the increased sliding distance on the lateral side leads to an increased effect on wear when compared with the higher loading on the medial side \[[@CR60]\]. The aforementioned studies indicate the reliability of our results. It is interesting to note that the results of the volumetric wear and wear depth are not in agreement for the TKAs based on different designs. Small contact areas with high contact stresses generate higher linear penetration (wear depth) when compared with volumetric wear, while large contact areas with low contact stresses increase the volumetric wear with lower linear penetration (wear depth). This distinction is important since a tendency towards higher linear penetration is more likely to result in localized damage to the insert while a tendency towards higher volumetric wear (with low linear penetration) is more likely to generate a higher volume of wear debris and result in an osteolytic reaction. Therefore, it is possible to select an optimal conformity level to achieve a balance between the kinematics and contact performance.

In terms of clinical relevance, our study indicates that tibial plateau conformity is important when designing patient-specific TKAs. The possibility of setting the conformity based on the patient's characteristics when designing patient-specific TKAs is also indicated. Additionally, although BPS-TKA does not exhibit the best wear performance, it improves the performance through the optimization process. Wear is the main cause of late revision. Furthermore, patient-specific femoral components follow a normal kinematic trend \[[@CR13], [@CR27]\]. Therefore, our results suggest that it is important to carefully determine conformity when a PE insert is designed in patient-specific TKA.

This study includes three limitations. First, our model included a constant wear factor that did not change with the contact stress or sliding direction. Second, it is possible to compare in vitro experimental wear data and measured wear data in a computational simulation, although it is not possible to compare actual clinical wear data. However, the loading condition for 5 million cycles represents a clinical wear situation that is not completely realistic and exhibits limited applicability. Finally, only conventional TKA models are validated using experimental data. However, the advantage of a computational simulation involves analyzing several different situations based on an initial model to predict wear.

Conclusion {#Sec11}
==========

A computational simulation is performed to evaluate the wear of four different fixed-bearing patient-specific TKAs with different conformities. The results imply that articular surface conformity in patient-specific TKAs is important. Therefore, our results suggest that it is important to carefully determine conformity when a PE insert is designed in patient-specific TKAs.
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